We used transmission electron microscopy (TEM) and electrophysiological techniques to characterize the morphology and stimulus-evoked compound action potential (CAP), respectively, of the adult mouse optic nerve (MON).
Introduction
The rodent optic nerve, a purely myelinated central white matter tract, has served as a useful model for studying a variety of physiological and pathological processes. Its experimental advantages include that it can be easily removed intact and studied in vitro for long periods, and that it has a uniform cellular structure that underlies and can be correlated with its function. The rodent optic nerve has been used to study CNS regeneration (Cho et al. 2005; Sugioka et al. 1995) , the role of myelin in a model of multiple sclerosis (Waxman et al. 2004) , and the effects of energy deprivation (Brown et al. 2001a ; Garthwaite et al. 1999 ; Stys et al. 1990b ).
Recordings of stimulus evoked CAPs in rodent optic nerve using suction electrodes have been used for many years to study the effects of anoxia (Stys et al. 1990b; Stys et al. 1992 ), aglycemia (Brown et al. 2001a) or ischemia (Garthwaite et al. 1999 ) in white matter, as CAP area (a measure of nerve conduction) is stable over time and can be accurately monitored to provide a reproducible index of injury. Comparing the ratio of CAP area before and after the insult indicates the degree of damage incurred by the nerve, and also gives a benchmark against which neuroprotective strategies can be evaluated (Brown and Until recently the rat optic nerve (RON) was the preparation of choice, and its electrophysiological (Stys et al. 1991 ) and morphological characteristics (Fukuda et al. 1982; Hildebrand and Waxman 1984; Reese 1987 ) have been studied in detail.
However the mouse model is now being used in several laboratories ; Chen et al. 2004; Weber et al. 1999) as it offers the following key advantages over the rat: (1) it will be compatible with future transgenic models (Chen et al. 2002; Chen et al. 2004 ), which will be predominantly mouse models, and (2) the smaller mouse optic nerve offers reduced diffusion distances from the bath perfusate to the tissue, a key consideration in studies of energy metabolism in isolated tissue, where delivery of blood borne energy substrates to the tissue is circumvented (Baltan
Tekkök et al. 2003).
Brain cells use glucose as their primary substrate for ATP production. While it is known that other hexoses can support energy metabolism in neurons (Yamane et al.
2000)
, there has been no evidence that neuron populations might differ in their ability to use different carbohydrate substrates. That is the point of this paper. A specific population of optic nerve axons cannot use the monosaccharide fructose to maintain excitability. This curious finding allowed us to determine for the first time exactly which population of axons contributed to the first peak of the characteristic three peaked CAP (Stys et al. 1991) . While it is self evident that the three peaks must represent three populations of axons differing in conduction velocity, it has not been possible to determine with certainty which axons were the fastest conducting (i.e. those with the largest diameter, those with the thickest myelin sheathes, those with the greatest internodal distance). This mystery is solved when fructose is the sole energy substrate for the optic nerve axon; only the first peak is lost, the second and third peaks are unaffected. This enabled us to identify for the first time a distinct population of axons based on diameter that contribute to an individual CAP peak.
Materials and Methods
All procedures were carried out in accordance with the Animals (Scientific Procedures) Act, 1986, under appropriate authority of project and personal licences.
Electrophysiology
Adult male CD-1 mice (35 -45g: 56 days and older) were obtained from Charles Rivers, UK. The mice were killed by cervical dislocation and then decapitated. Optic nerves were dissected free and cut at the optic chiasm and behind the orbit. The optic nerves were gently freed from their dural sheaths and placed in an interface perfusion chamber (Medical Systems Corp, Greenvale, NY, USA), maintained at 37°C and superfused with artificial cerebrospinal fluid (aCSF) containing (in mM): NaCl 126, KCl 3.0, CaCl 2 2.0, MgCl 2 2.0, NaH 2 PO 4 1.2, NaHCO 3 26 and glucose 10. In some experiments 10 mM fructose was substituted for 10 mM glucose. The chamber was continuously aerated by a humidified gas mixture of 95 % O 2 / 5 % CO 2 . Following dissection, optic nerves were allowed to equilibrate in standard aCSF for about 30 minutes before beginning an experiment. Suction electrodes back-filled with the appropriate aCSF were used for stimulation and recording. One electrode was attached to the rostral end of the nerve for stimulation and the second suction electrode was attached to the proximal end of the nerve to record the CAP, thus all recordings were orthodromic. Stimulus pulse strength (30 Js duration, Grass S88 dual output square pulse stimulator in combination with an SIU5 RF stimulus isolation unit, Grass, Astro-Med Inc, Slough, UK) was adjusted to evoke the maximum CAP possible and then increased another 25 % (i.e. supramaximal stimulation). During an experiment, the supramaximal CAP was elicited every 10 seconds. The recording electrode was connected to an Axoprobe 1A amplifier, whose conditioned differential output (10x) was amplified 100x (Tektronix D13 Dual Beam Conditioning Oscilloscope with 5A18N Dual Trace Amplifier), filtered at 30 kHz and acquired at 20 kHz.
Data Analysis and Curve Fitting
Optic nerve axon function was monitored quantitatively as the area under the CAP, which represents the best measure of the number of active axons as currents generated by individual axons within a fibre tract are considered to sum (Cummins et 
where A = peak area, w = width of peak at half maximum amplitude, and c = latency to maximum amplitude of the peak.
Transmission Electron Microscopy (TEM)
MONs were dissected as described above, laid out on cardboard and fixed in 2 % glutaraldehyde and 2 % paraformaldehyde solution in 0.2 M phosphate buffer overnight and post-fixed in 1 % osmium tetroxide for 30 minutes. They were dehydrated in a graded ethanol series and embedded in Transmit low viscosity resin (TAAB). Semi thin sections were cut at 0.5 µm, stained with toluidine blue and photographed using a Leica DM400B light microscope with colour digital camera and Openlab darkroom software. Ultrathin sections (70 -90 nm) were prepared using a Reichert-Jung Ultracut E ultramicrotome and mounted on 100 hexagonal copper grids. They were contrasted using uranyl acetate and lead citrate and viewed using a JEOL 1010 TEM operated at 80 kV with digital image acquisition.
Estimates of axon count and diameter
A low magnification image (300x) of the cross section of the entire MON was recorded to measure total MON area. The hexagonal grid was used to obtain a systematic random selection of areas (Mayhew and Sharma 1984) to record at the higher magnification (10,000x Figure 5B) within this area to allow reliable assessment of which axons were more than 50 % inside the ROI. The internal diameter of each axon judged to be inside each ROI was measured using Openlab software (Improvision). Simple proportion calculations allow us to estimate the number of axons in the entire MON given the total areas of the ROIs and the number of axons they contained. This method of counting was laborious and took over 7 hours for a single MON. A faster method has been developed which allows counting of fewer ROIs while still maintaining accuracy of the total estimate (Mayhew and Sharma 1984) . We applied this technique to the nerve illustrated in Figure 5 but only counted two ROIs per hexagon instead of seven.
Using this method our estimate of the number of axons was 22,236 compared to 22,337 using the more laborious method described above, validating its use. We used this counting method to estimate the number of axons in the remaining MONs described in this study. In fructose treated nerves we chose as a criterion to exclude axons from the count a decreased density of staining indicating decreased neurofilament density, swollen mitochondria and oedematous and vacuolated axons (King 1999 ).
Data analysis
Data are presented as means and standard deviation. Significance was determined using Student's t-test, where p < 0.05 was taken to indicate statistical significance. n.s. indicates significance was not reached.
Results

The ability of fructose to sustain the CAP
It has been shown that the rodent optic nerve can survive for extended periods of time on non-glucose metabolites, such as lactate, pyruvate and mannose (Brown et al. 2001b ). Therefore, we extended our previous study by determining the ability of fructose to sustain axon function in the adult MON by monitoring the CAP every 10 seconds in the presence of fructose. In the presence of 10 mM glucose the CAP can be was apparent that the first of the three CAP peaks was gradually lost, although the second and third peaks were unaffected ( Figure 1C ). This selective effect of fructose on an individual CAP peak, which was also seen in the RON but not investigated at the time (Brown et al. 2001b ), prompted us to quantify each of the three peaks of the CAP using electrophysiological techniques.
Electrophysiological profile of the stimulus evoked CAP
The three peaked CAP evoked by supramaximal stimulus of the MON is typical of the rodent preparation, and is illustrated in Figure 2 . In all MONs tested the profile was always qualitatively identical, with the second peak being the largest, demonstrating that the CAP is a reliable and stable index of axon conduction. Each 
Effect of incubation in 10 mM fructose for 2 hours on axon morphology
After MONs were incubated in 10 mM fructose for 2 hours there were obvious differences when compared to control axons, which had been incubated in 10 mM glucose for the same period of time. The larger diameter axons were swollen and oedematous and displayed vacuolisation ( Figure 7C and D) . However the smaller axons appeared to be relatively unaffected. Plotting frequency histograms of viable axons from control and fructose treated MONs illustrated that there was a loss of the contribution of axons over 0.75 µm in MONs treated with fructose. Our criteria to determine axon viability were as follows. In Figure 7A and B all axons appear of uniform density of staining and exhibit mitochondria of uniform appearance.
However it is clear from Figure 7C and D that incubation in fructose has had a significant effect of some axons. In particular the density of staining in larger axons is lighter than in smaller axons indicating a decreased density of microtubules.
Additionally mitochondria in these lightly stained larger axons appear swollen, and characteristics, were omitted from the count as they were judged to display evidence of pathology (King 1999) . In control conditions 20.2 ± 6.3 % of axons were over 0.75 µm in diameter ( Figure 8A ), whereas in the fructose treated animals only 5.6 ± 1.6 % were over 0.75 µm in diameter ( Figure 8B ). This loss of larger axons is consistent with the larger diameter axons contributing to the first peak of the CAP, and hence their loss in the presence of fructose.
Discussion
This present study extends our knowledge of the rodent optic nerve preparation by quantifying key characteristics of the adult MON, and demonstrating a unique metabolism of a sub-population of axons, which were unable to metabolize fructose. Electrophysiological techniques were used to quantify each of the three peaks that contribute to the CAP by determining both the area, and hence the contribution of each peak to the total CAP area, and latency to the maximum amplitude of each peak. In each of the 29 MONs recorded CAPs were qualitatively identical i.e. they were composed of three peaks, of which the second was largest.
TEM techniques were used to estimate the number of axons in each MON, and the results were consistent in each of the three control nerves tested. Histograms of axon diameter revealed that about 80 % of axons had diameters of less than 0.75 µm.
Bathing MONs in fructose resulted in delayed loss of the first peak of the CAP and electron micrographs of treated MONs revealed a loss of axons over 0.75 µm in diameter, demonstrating that axons of a known diameter contribute to an individual peak of the CAP.
Fructose metabolism
The vast majority of previous studies, which have used the CAP as a monitor of axon conduction, used the entire CAP area, as in the experimental manoeuvres 
MON axon diameter and count
In order to estimate the number of axons in the MON we used a method developed to count axons in peripheral nerve bundles (Mayhew and Sharma 1984) .
This method was demonstrated to accurately estimate the number of axons in nerve bundles by counting relatively few of the axons within the preparation, but using a scaling method to estimate the total count. In the one MON in which we used the method where we counted either 7 ROIs or 2 ROIs per hexagon, there was an excellent agreement in the number of axons estimated (22, The shape of the CAP suggests that there are three distinct populations of axon. However the axon diameter histograms in Figure 6 do not show three separate populations of axon based on axon diameter, but rather the distribution is unimodal, and skewed in the direction of larger axons. Thus there is obviously an overlap in the diameter of axons contribution to each peak. An additional complication is that each axons' contribution to the total CAP area is not linear, but is dependent on diameter, as larger diameter axons, due to their large membrane area and lower internal resistance, generate more current and larger extracellular voltages than small axons (Nicholls et al. 1992 ).
What we have shown is that in the MON, a central white matter tract, a subpopulation of axons are incapable of surviving on an energy substrate that supports the remaining axons in the preparation, and further, that these particular axons can be the axons contributing to the first peak of the CAP are of large diameter. Thus in the MON we conclude that neighboring axons differ in their ability to efficiently metabolize potential energy substrates, via mechanisms as yet unknown. 
Figure Legends
Figure 2
Characteristics of a CAP evoked by supramaximal stimulus. The CAP is composed of three peaks, an initial first peak (1), followed by a larger second peak (2), and a smaller third peak (3; the initial large peak is the stimulus artefact, *). Scale bars are 1 mV and 1 ms. In the inset the bold image represents a recorded CAP and the dotted lines represent the best fit Gaussian function of each of the three peaks. 
Figure 7
Electron micrographs of the control and fructose treated MONs. A and B.
Control MONs contained axons of which 100 % were myelinated. Mitochondria and filaments could be seen within the axon cytoplasm. C and D. In fructose treated
MONs the larger axons appeared vacuolated and oedematous. However the smaller axons appeared to be unaffected. Scale bar 2 µm. In C the axons marked 1 and 2 displayed a decreased density of staining and swollen mitochondria, whereas the axon marked 3, although of large diameter, was considered normal. In D the axon marked 1 displayed a decreased density of staining, as did the axon marked 2, which also displayed swollen mitochondria. The axon marked 3 was oedematous and displayed vacuolisation Figure. 
